The influence of variously processed feedstuffs on the gastrointestinal tract, various blood parameters, and T cell subsets of different localizations was investigated in 36 broilers. Birds were fed a similarly composed feed mixture differing in particle size (coarse vs. fine). Feedstuffs with different particle size distribution were additionally hydrothermally treated (HTT) (without-non-compacted, pelleted, expanded, and pelleted). The HTT affected BW at slaughtering day and feed intake (P < 0.001). Birds fed noncompacted feed consumed less feed and were lighter than animals of other feeding groups irrespective of grinding fineness. Proventricular size was influenced by HTT (P < 0.001) but not the weight. Generally, feeding of pelleted feed increased proventricular size. Gizzard weight and length was affected by particle size and HTT (P < 0.01). Non-compacted feed resulted in heavier but shorter gizzards compared to other feeds except for finely ground expanded and pelleted feed. Organ traits of gizzard and proventriculus were strongly related to the feed intake. The jejunum was heavier in birds fed expanded and pelleted feed compared to animals fed solely pelleted feed (P = 0.030). The intestinal segment weight to length ratio (WL ratio) of duodenum, jejunum, and total small intestine was affected by HTT (P < 0.01). Generally, non-compacted feed resulted in lowest WL ratios regardless of the particle size distribution. Feeding variously processed feedstuffs also affected white blood cells, blood sodium, and chloride concentrations (P < 0.05) and tended to influence blood carbon dioxide partial pressure and blood total carbon dioxide levels (P < 0.1) in venous blood. Subsets of CD4/CD8 double negative T cells of caecal tonsils were influenced by HTT (P < 0.043). Noncompacted feed tended to increase these subsets in this localization compared to other feeds. In conclusion, the present study shows that an increased feed intake provoked by feed compaction evoke proventricular and ventricular alterations. Furthermore, feeding of variously processed feedstuffs influences the acid base homeostasis and the local immune system of caecal tonsils.
INTRODUCTION
Technical feed processing is associated with special technological benefits (Behnke, 1996; Stark, 2012) . Nutritional benefits of hydrothermal feed treatment (HTT) are the reduction of feed wastage and selection by animals (Behnke, 1996) and improvements in nutrient digestibility (Puntigam et al., 2015) or animal performance (Fancher et al., 1996; Preston et al., 2000; Engberg et al., 2002; Amerah et al., 2007b) . However, the evidence is growing that feeding of highly refined products and the high animal performance levels of modern breeds have adverse effects on animal health. Thus, fast growth of broilers is associated with a higher risk of pulmonary hypertension which can be responsible for ascites and consequently for cardiovascular failure (Julian, 1998; Olkowski et al., 1999) . Julian (1998) makes the feeding of high caloric and pelleted feeds directly responsible for a higher incidence of pulmonary hypertension. It is also suggested that feeding of pelleted feed resulted in a higher risk of the sudden death syndrome which is besides ascites the most important metabolic diseases in broilers (Siddiqui et al., 2009 ). Jones and Taylor (2001) showed a higher incidence of proventricular dilatation in animals fed pelleted feeds compared to feeding a whole grain-pellet-combination. They also associated proventricular dilatation with a higher mortality due to ascites. Witte et al. (2012) reported also an impact of particle size distribution on the incidence of proventricular dilatation. Consequences of 1 Delivers per kg feed: 12,000 IU vitamin A; 110 μg cholecalciferol; 60 IU vitamin E; 60 mg iron; 11.3 mg copper; 67.5 mg zinc; 75 mg manganese; 1.5 mg iodine; 0.23 mg selenium; 1220 U xylanase; 152 U glucanase; 750 U phytase feed processing associated health problems for the immune system, especially on the intestinal immune system of broiler chickens, and the base acid homeostasis are scanty explored, but results of Liu et al. (2006) give evidence that particle size distribution of feed can affect the avian intestinal immune system. The objective of the present study was to investigate the influence of feeding various processed feedstuffs on the gastrointestinal tract and possible further consequences on blood traits and on the immune system of broilers.
MATERIALS AND METHODS
The present study was performed on the experimental station of the Institute of Animal Nutrition, Friedrich Loeffler Institut, Federal Institute for Animal Health in Brunswick, Germany. Housing conditions of animals and experimental procedures were in accordance with the guidelines by German animal protection law and approved by the Lower Saxony State Office for Consumer Protection and Food Safety, LAVES, Germany (registration number: 33.9-42,502-04-082/09).
Experimental Diets and Design
A total of 36 male broiler chicken (Ross 308) was divided into 6 feeding groups immediately after hatching. All groups were fed the same basal diet formulated in correspondence to the requirements of growing chickens (GfE, 1999) (Table 1) . Differences between feeds of the feeding groups were based on the processing degree due to various combinations of mixed feed processing methods (Table 2) . On one hand, feeds differed in particle size (coarsely ground feed vs. finely ground feed) and on the other hand on hydrothermal feed treatment (without = non-compacted feed, pelleted feed, expanded, and pelleted feed). Coarsely ground feed was processed by hammer mill with a 6.0 mm screen and had a D50 value (cumulative particle size at 50%) of 1.65 mm before compaction. Finely ground feed was milled by hammer mill through a 3.0 mm screen. Its D50 value was 1.04 mm before compaction. Processing temperatures were 75
• C during pelleting, 130
• C during expander treatment, and 87
• C during pelleting after expander treatment. Depending on throughput, the retention time of feed was 4 to 10 s during pelleting and 5 to 8 s during expander treatment. During all hydrothermal procedures, 3% steam was supplied which was controlled by a flow measuring system (type DVH-P, Heinrichs Messtechnik GmbH, Köln, Germany). Produced pellets had a diameter of 3 mm which made it necessary to fed pellets crumbled at the first week after hatching.
All feeds were available ad libitum in dry form. There was no fasting period before slaughtering. At the beginning of the fattening period, animals were housed in floor pens and in groups on chopped straw. From day 14 after hatching, they were housed individually in balance cages without bedding to record the individual feed intake for the period of the last week before slaughtering. Each floor pen was equipped with a bell drinker (the first 5 d after hatching) and nipple drinkers. In balance cages, water was available via water trough. Illumination period started the first 2 d at 0000 h and ended at 2300 h. After the first 2 days, illumination period started at 0400 h am and ended at 2000 h. Ambient temperature was decreased every second day from 36
• C to 22
• C on day 28 after hatching. Broilers were vaccinated against Newcastle disease virus on day 8 after hatching.
Sampling Procedure
Three animals per group were killed on day 28 after hatching by mechanical stunning and exsanguination. The other birds were killed on the following day. Before animals were weighed, rectal body temperature was measured and blood samples were collected from the Vena ulnaris dexter in a syringe containing 10 μL Heparin-Natrium Braun 25.000 IU (B. Braun Melsungen AG, Melsungen, Germany). Additional blood samples were collected during exsanguination from neck vessels in conventional EDTA tubes.
Liver without bladder, kidney, spleen, and bursa of Fabricius were dissected and weighed. The complete gastrointestinal tract was separated and divided in its subsegments proventriculus, gizzard, duodenum, jejunum, ileum, caeca, and caecal tonsils. The mentioned segments were weighed empty. The weight of pancreas was also examined. Additionally, the length of proventriculus, gizzard, and intestinal subsegments as well as the width of proventriculus and gizzard were measured. The thickness of the main muscles of gizzard, Musculus crassus caudodorsalis, and M. crassus cranioventralis were determined by a caliper at the broadest part (Figure 1) . Furthermore, the space between the Facies tendineae was examined (Figure 1) .
Jejunum was rinsed gently with a 60 mL syringe containing PBS and stored in CUSTODIOL (Dr. FRANZ KÖHLER Chemie GmbH, Bensheim, Germany) on ice. Caecal tonsils were stored on ice in a 14 mL tube containing PBS.
Hematology and Oximetry
A micro-hematocrit centrifuge (Haematokrit 210; Hettich Lab Technology, Tuttlingen, Germany) was used for determination of the hematocrit (HCT). Briefly, heparinized blood was collected in a microhematocrit tube and centrifuged at 12,000× g for 5 minutes.
Two blood smears were prepared per animal according to the recommendations of Pendl (2008) and stained by Pappenheim solution. In accordance with Pendl (2008) , firstly the leucocytes and thrombocytes were counted in 20 fields of vision at 1,000× magnification. Thereafter, at least 200 leucocytes were differentiated into lymphocytes, heterophilic granulocytes, eosinophilic granulocytes, basophilic granulocytes and not differentiable blood cells according to their morphological characteristics.
For blood gas analyses and determination of various blood electrolytes (sodium, calcium, potassium) and metabolites (glucose, lactate), the analyzer GEM Premier 4000 (Instrumentation Laboratory, Munich, Germany) was used.
Isolation of Peripheral Blood Lymphocytes
For isolation of peripheral blood lymphocytes, 1 mL EDTA blood was diluted with 1 mL PBS. The solution was covered with 3 mL Biocoll separation solution (Biochrom AG, Berlin, Germany). Samples were centrifuged at 681× g for 12 min at 20
• C, without break. Cells were isolated from the receiving interphase and washed with 5 mL PBS by centrifugation at 235× g for 10 min at 4
• C, without break. The supernatant was rejected, and the pellet was resuspended in 500-1000 μL HEPES buffered saline (HBS). The solution was sieved through a cell sieve with a mash size of 50 μm.
Isolation of Cells from Lamina Propria
Leucocytes from jejunal Lamina propria were isolated by a modified method of Liermann et al. (2016) .
Surrounding fat was cut and the jejunal tissue was stored in PBS on ice for 20 min. Then, the intestine was initially cut lengthwise and then into pieces with a size of approximately 2 cm. Jejunal pieces were transferred into a Erlenmeyer flask containing 50 mL HEPES buffered, Hanks balanced salt solution (HBSS without Ca 2+ and Mg 2+ ; Biochrom GmbH, Berlin, Germany), and a magnetic stir bare. Samples were stirred for 10 min at room temperature. Tissues were separated from the used HBSS solution and 50 mL of a fresh HBSS solution were added. The wash procedure was repeated twice. Thereafter, 25 mL heated Roswell Park Memorial Institute medium (RPMI-1640; Biochrom GmbH, Berlin, Germany) containing 180 U collagenase type V (Sigma-Aldrich, Chemie GmbH, Munich, Germany) was added. Samples were incubated for 10 min with continuous stirring. The supernatant was transferred into 50 mL tubes and stored on ice. This step was repeated twice. A further incubation period (15 min) followed with 20 mL heated RPMI-1640 containing 260 U collagenase. The supernatant was also collected. Receiving supernatants were centrifuged at 191× g for 10 min at room temperature. The pellet was washed once again with 30 mL RPMI-1640. Thereafter, the pellet was resuspended in 25 mL of a 30% Percoll gradient (diluted by HBSS; Sigma-Aldrich Chemie GmbH, Munich, Germany). Samples were centrifuged at 350× g for 15 min at room temperature. The supernatant was discarded, and the pellet was mixed with 5 mL RPMI-1640 and sieved by a CellTrics with a mash size of 50 μm (Partec GmbH, Görlitz, Germany). The viability of isolated cells was on average 87% (assessed by trypan blue exclusion). The cell suspension was stored on ice until antibody staining.
Isolation of Leucocytes from Caecal Tonsils
Caecal tonsils were rinsed, and surrounding tissues and fat were rejected. They were transferred into a petri dish. Approximately 5 mL PBS was added. Then, the tonsils were cut lengthwise by scalpel. Cells were released by gentle scraping. The obtained cell suspension was sieved by CellTrics (mash size 50 μm) and stored on ice until further treatment.
Antibody Staining and Flow Cytometric Measurements
Cells were stained with monoclonal antibodies either for CD3 (mouse anti-chicken CD3: PE; Southern Biotech; Birmingham; USA), CD4 (mouse antichicken CD4: FITC; Southern Biotech; Birmingham; USA), CD8 (mouse anti-chicken CD8α: Cy5; Southern Biotech; Birmingham; USA), Bu-1 (mouse anti-chicken Bu-1: FITC; Southern Biotech; Birmingham; USA), or the corresponding isotype controls (mouse IgG1 negative control: PE; mouse IgG1 negative control: FITC; mouse IgG1 negative control: Cy5; Southern Biotech; Birmingham; USA).
Samples were incubated for 30 min in the dark at room temperature. They were washed by centrifugation (250× g; 5 min; 4
• C) in 1,000 μL HBS. The pellet was resuspended in 600 μL HBS and subsequently measured by FACS Canto II (BD Bioscience, San Jose, USA). At least 10,000 cells were counted. All non-specific signals indicated by isotype controls were evaluated and compensated by the BD FACSDiva Software (BD Biosciences, San Jose, USA).
Calculations and Statistics
The weight to length ratio (WL ratio) of the different intestinal subsegments and the total small intestine was calculated by dividing the segmental weight [g] by the segmental length [cm] of these parts of the digestive tract.
Total counts of leucocytes and thrombocytes were calculated by cell summation of counted fields of view and multiplication with the factor 875 according to recommendations of Pendl (2008 The H/L ratio is defined as the ratio between heterophilic granulocytes and lymphocytes counted in a blood smear.
Anion gap was calculated according to Haßdenteufel and Schneider (2014) as follows:
Statistical analyses were conducted by using the MIXED procedure of SAS Enterprise Guide 6.1. The created model included on one hand the fixed effects particle size and HTT and their interactions. A further model for statistical analyses of T cell subsets also considered the localization as a fixed factor. In this model, the animal was added as random factor. At P < 0.05, differences were declared as significantly different. The correlation coefficient according to Pearson was estimated using the SAS Enterprise Guide 6.1 and assessed as significant at a P-value < 0.05.
RESULTS
One animal has to be excluded from the trial because of feed refusal on day 9 after changing the housing conditions.
Body temperature of animals was between 41.0 and 41.8
• C at termination of the experiment. There were no significant differences between feeding groups.
During killing, 1 animal fed finely ground, expanded, and pelleted feed imposed by pathological alterations such as a severe ascites and a congestive hepatopathia.
BW and Feed Intake
HTT significantly affected BW (P < 0.001), and feed particle size tended to affect BW (P = 0.058) on the day of slaughtering (Table 3) . Animals fed noncompacted feed were significantly lighter on the day of slaughtering compared to animals from other feeding groups (P < 0.05) except for animals fed coarsely ground expanded and pelleted feed. Broilers fed coarsely ground expanded and pelleted feed were significantly lighter than animals fed finely ground and pelleted feed (P < 0.01). Animals fed non-compacted feed consumed significantly less feed compared to animals fed pelleted feed (P < 0.05). The feed intake of broilers fed expanded and pelleted feed was not Table 3 . BW, feed intake, and weight of visceral organs depending on variously processed feedstuffs (LSMeans; n = 6). significantly different compared to the feed intake of animals from other feeding groups (P > 0.05). There was no effect of fixed effects on the feed to gain ratio in during the time period of the experiment (P > 0.05) (data not shown).
Weight of Various Visceral Organs
Feeding of coarsely ground feed resulted in higher relative pancreas weight (pooled mean = 2.7 g/kg BW) compared to finely ground feed (pooled mean = 2.4 g/kg BW) (P = 0.008) ( Table 3 ). The HTT significantly influenced the weight of liver, caecal tonsils, and bursa and tended to affect the heart weight (P = 0.064). Moreover, significant interactions between feed particle size and HTT were found in case of liver, kidney and bursa weight (P < 0.05).
Numerically lowest relative heart weights were measured in animals fed finely ground and pelleted feed, and numerically highest heart weights in animals fed coarsely ground non-compacted feed. Livers of animals fed pelleted feed or finely ground non-compacted feed were significantly lighter than livers of animals fed finely ground expanded and pelleted feed (P < 0.05). The weight of kidneys was similarly affected as liver; however, no significant influence of feed treatment was found. In general, animals fed non-compacted feed had heaviest caecal tonsils. The weight of caecal tonsils of animals fed coarsely ground non-compacted feed and animals fed finely ground expanded and pelleted feed was significantly different (P = 0.033). No impact of variously processed feedstuffs on spleen weights was detected.
Traits of the Gastrointestinal Tract
The proventricular weight was neither influenced by feed particle size nor by HTT. However, HTT significantly influenced the size of this organ indicated by its length and width (P < 0.001) ( Table 4) . Proventricular size was significantly increased in animals fed pelleted feed compared to animals fed finely ground non-compacted (P < 0.05). Furthermore, this organ was significantly longer in animals fed coarsely ground pelleted feed compared to animals fed coarsely ground non-compacted or animals fed finely ground expanded and pelleted feed (P < 0.05). Animals fed finely ground and pelleted feed showed also increased proventricular width compared to animals fed coarsely ground noncompacted or coarsely ground expanded and pelleted feed (P < 0.01).
Particle size significantly influenced the weight of gizzard as well as the length of this organ and the ratio between proventricular and gizzard weight (P < 0.01). The mentioned organ traits were also significantly influenced by HTT. Particle size-by-HTT interactions also existed considering these organ traits which resulted mainly from the fact that coarse grinding in combination with expander treatment and additional pelleting enhanced these organ traits while finely grinding before expander treatment and pelleting decreased these organ traits. Gizzard weight and the ratio between proventriculus and gizzard weight were significantly decreased in animals fed pelleted feed or finely ground expanded and pelleted feed compared to animals fed other feeds (P < 0.01). Gizzard length was significantly reduced in animals fed finely ground expanded and pelleted feed compared to broilers fed pelleted feed or coarsely ground expanded and pelleted feed (P < 0.05).
Significant correlations were found between weights as well as morphometric traits of the gizzard and the proventriculus ( Table 9 ).
The weight of total small intestine or its subsegments was not influenced by fixed effects except for jejunal weight which was significantly influenced by HTT (P = 0.039). In general, the jejunum was significantly heavier in animals of feeding groups fed expanded feed (pooled Table 4 . Traits of the gastrointestinal tract depending on variously processed feedstuffs (LSMeans, n = 6). Spaces between facies tendineae. a-c Different superscripts within a row mark significant differences between feeding groups (P < 0.05). mean = 11.9 g/kg BW) compared to animals fed pelleted feed (pooled mean = 10.4 g/kg BW) (P = 0.030). The HTT also influenced the WL ratio of duodenum, jejunum, and total small intestine (P < 0.01) and tended to affect the ileal WL ratio (P = 0.068). Generally, feeding of non-compacted feed resulted in lowest WL ratios. Animals fed finely ground and pelleted feed or finely ground expanded and pelleted feed showed highest WL ratios. The difference between duodenal WL ratio of animals fed non-compacted feed and animals fed finely ground pelleted feed was significant (P < 0.05). Furthermore, the duodenal WL ratio of animals fed finely ground non-compacted was lower than the ratio of animals fed pelleted feed (P < 0.05). Considering the WL ratio of the total small intestine, there was a significant difference between animals fed finely ground non-compacted feed and animals fed finely ground pelleted feed (P = 0.033). Except for the WL ratio of the ileum, all values of these ratios correlated significantly with the length and the width of the proventriculus (Table 9 ). Significant negative correlations were found between considered ratios and the weight of the gizzard. Weights of caeca were significantly influenced by HTT but not by particle size. However, there was a significant interaction between both fixed effects. Animals fed non-compacted feed had significantly heavier caeca than animals fed pelleted feed or animals fed finely ground expanded and pelleted feed.
Hematological Traits
HCT or total counts of thrombocytes were not influenced by feeding variously processed feedstuffs (Table 5) .
There was a significant impact of particle size on total counts of leucocytes and subpopulations of white blood cells (P < 0.05). The HTT only influenced the proportion of lymphocytes and basophilic granulocytes. No particle size-HTT interaction was found in case of hematological traits.
In general, more leucocytes were counted in blood smears of animals fed coarsely ground feed (P = 0.034). Moreover, counts of leucocytes were higher in animals fed coarsely ground expanded and pelleted feed compared to leucocyte counts in animals fed finely ground non-compacted feed (P = 0.044). Lymphocyte population was larger in animals fed finely ground feed than populations of animals fed coarsely ground feed. An opposite effect of particle size was found on the heterophilic granulocyte population. In turn, there was a lower H/L ratio in animals fed finely ground feed compared to animals fed coarsely ground feed. Feeding of pelleted feeds resulted in larger lymphocyte population compared to non-compacted feed or expanded and pelleted feed. A significant difference of lymphocyte populations were detected between animals fed coarsely ground expanded and pelleted feed and animals fed finely ground and pelleted feed (P = 0.027). Eosinophilic and basophilic granulocytes as well as monocytes amounted to less than 5% of white blood cells. Only one animal fed coarsely ground expanded and pelleted feed had 6% basophilic granulocytes. Eosinophilic granulocyte population was larger in animals fed finely ground feed compared to their counterparts. In contrast, basophilic granulocyte and monocyte populations were smaller in these animals. Animals fed expanded and pelleted feed had largest basophilic granulocyte populations which were significantly increased compared to populations of animals fed finely ground and pelleted feed (P < 0.05). Moreover, this population was significantly larger in animals fed coarsely ground expanded and pelleted feed compared to animals fed finely ground non-compacted feed (P = 0.015). Monocyte population of animals fed finely ground and pelleted feed was significantly smaller than population of animals fed coarsely ground pelleted feed or expanded and pelleted feed (P < 0.05). No notdifferentiable blood cells were detected in any of the blood smears.
Blood Gases, Electrolytes and Metabolites
Feeding of variously processed feedstuffs had no significant influence on base acid homeostasis (Table 6) . However, HTT tended to affect carbon dioxide partial pressure (pCO 2 ) (P < 0.1) and total carbon dioxide (TCO 2 ) in blood. Animals fed compacted feed had higher pCO 2 levels in blood compared to birds fed noncompacted feed. TCO 2 concentration in blood of animals fed non-compacted feed tended to be lower than TCO 2 concentration in blood of animals fed pelleted feed (P = 0.054).
Blood sodium concentration was affected by HTT (P = 0.031) and tended to be influenced by feed particle size (P = 0.079). Moreover, there was a significant interaction between both factors (P = 0.007). Highest sodium concentrations were measured in blood of broilers fed coarsely ground and pelleted feed which differed significantly from blood sodium concentrations of broilers fed coarsely ground non-compacted or coarsely ground expanded and pelleted feed (P < 0.05). Additionally, blood sodium concentration was increased in animals fed finely ground expanded and pelleted feed compared to animals fed coarsely ground expanded and pelleted feed (P = 0.021). Blood chloride concentration was significantly influenced by particle size (P = 0.018). Feeding finely ground feed resulted in higher blood chloride concentrations than feeding of coarsely ground feed. Blood concentrations of potassium and calcium as well as the anion gap were not different between feeding groups. Also, no impact of variously processed feedstuffs was detected on examined blood metabolites. The concentrations of sodium and chloride significantly correlated with the feed intake of the last week before slaughtering (sodium: r = 0.543, P = 0.001; chloride: r = 0.496, P = 0.002) and BW at slaughtering day (sodium: r = 0.477, P = 0.004; chloride: r = 0.444, P = 0.008).
B and T Cell Subsets
Blood, Lamina propria, and the caecal tonsils markedly differed from each other in its T cell subsets of CD4 + /CD8 − T cells and CD4/CD8 double negative stained T cells (Table 7) . Highest proportions of CD4 + /CD8 − T cells were detected in the blood and lowest in the Lamina propria. In contrast, double negative stained T cell proportions were highest in Lamina propria and lowest in blood. Proportions of CD4
− /CD8 + T cells were significantly increased in caecal tonsils compared to proportions in blood and Table 6 . Blood gas analysis, blood electrolytes and blood metabolites depending on feeding of variously processed feedstuffs (LSMeans; n = 6). 1 Pooled standard error. a-c Different superscripts within a row mark significant differences between feeding groups (P < 0.05).
Lamina propria (P < 0.001). However, the proportions of CD4 − /CD8 + T cells in blood and Lamina propria were similar. Highest proportions of CD4/CD8 double positive stained T cells were detected in Lamina propria which differed significantly from proportions in blood and caecal tonsils (P < 0.001). In blood lowest proportions of CD4/CD8 double positive T cells were measured. Bu1 + cells were significantly higher frequented in Lamina propria compared to blood (P < 0.001).
T cell subsets or subsets of Bu1 + cells in blood or Lamina propria were not altered by feeding variously processed feedstuffs (data not shown). Also CD4 + /CD8 − , CD4 − /CD8 + , and CD4/CD8 double positive T cells of caecal tonsils were unaffected by feed treatment (P > 0.05) (Table 8 ). However, there was a significant impact of HTT on subsets of CD4/CD8 double negative stained T cells (P = 0.043) in this localization. Concretely, non-compacted feed (pooled mean = 34.0%) tended to increase subsets of mentioned T cells compared to pelleted (pooled mean = 24.3%) or expanded and pelleted feed (pooled mean = 23.4%) in caecal tonsils (P < 0.1). Gizzard and caeca weight correlated significantly with subsets of CD4/CD8 double negative stained T cells (Table 9 ). Further correlations were found between CD4/CD8 double negative stained T cells and the BW (r = -0.426; P = 0.011) as well as the feed intake (r = -0.483; P = 0.003). Also, significant correlations were detected between CD4 − /CD8 + T cells and gizzard weight as well as proventricular length.
DISCUSSION
The present study focused on morphometric alterations of the gastrointestinal tract in relation to feeding variously processed feedstuffs. In this context, also potential consequences of these alterations on blood parameters and parameters of the peripheral and local immune system of broilers were investigated. While no effects of particle size on proventricular traits were observed, the particle size had an important role on the development of the gizzard. Svihus (2015) suggested that certain particle size distribution is essential to enable a well-developed gizzard and gizzard function. Thereby, the gizzard response to feed particle size distribution occurs within a few days.
Compacted feed significantly increased the size of the proventriculus (length and width) compared to noncompacted feed. The aspect that the weight of this organ not increased simultaneously indicated that the increase of size is only related to stretching of this organ. In contrast, a marked increase in gizzard weight was observed in animals fed non-compacted feed. According to Preston et al. (2000) , it was suggested that the higher gizzard weight was the result of an improved development of gizzard muscles. However, this could be not confirmed by thicker gizzard muscles in the present study which could be explained by the fact that the measurement of the thickness was difficult due to deformations of the gizzard muscles as shown in Figure 2 compared to a normal muscle shown in Figure 1 . Such deformations of gizzard muscles were seen in animals with a sever dilatation of the proventriculus. The slight increase of the gizzard length in animals fed pelleted feed and coarsely ground expanded and pelleted feed was associated to the proventricular dilatation and dilatation of Isthmus gastrici, which in turn caused blurred boundaries between these organs and also a deformation and stretching of craniodorsal thin muscles of the gizzard.
The ratio between the weight of the gizzard and the proventriculus as well as correlations between morphometric measurements of both indicates that there are clear relationships between proventricular dilatation and gizzard development. Similar relationships were detected in studies of Taylor and Jones (2004) . The correlations of feed intake to gastric traits suggest that the high feed intake due to feeding compacted feed takes a key role in the development of these alterations. Svihus et al. (2010) and Svihus (2011) reported that structural feed leads to heavier gizzards and improved gizzard functionality in the regulation of feed intake. The high feed intake provoked by feeding pelleted feed seemed to change the function of the gizzard as a grinding and storage organ to only a feed passage pathway which was also discussed by Amerah et al. (2007a) . Therefore, the regulation of feed intake seemed to be disturbed which might support overconsumption. Already Svihus and Hetland (2001) reported that some birds tend to overconsumption when an ad libitum feeding regime was used. In further studies, the development and functionality of the crop have to be also focused. Svihus (2015) discussed that ad libitum feeding result in bypassing of the crop. In contrast, meal feeding would provoke an improved usage of the crop-proventriculus-gizzard-part as a storage system (Svihus, 2015) . Especially in studies of Boa-Amponsem et al. (1991) and Svihus et al. (2010) , the low or negligible amounts of crop contents in animals fed ad libitum were observed compared to amounts found in animals which were intermittently fed.
The proventricular and ventricular alterations also influenced the gut which is reflected by the significant correlations between WL ratio of the intestinal subsegments as well as the total intestine and proventricular or ventricular morphometric traits. Interestingly, the impact of these alterations seemed to be more pronounced in the proximal small intestine than in the distal part as indicated by the decreasing correlations from duodenum to ileum. The higher WL ratio of animals fed compacted feed might result from higher amounts of coarse particles passing the intestine compared to animals fed non-compacted feed. In the present study, the size of particles entering the intestine was not measured; however, Hetland and Svihus (2007) showed that after intake of more structural material or feed the retention ability and activity of the gizzard increased, which in turn results in a lower particle size of chyme components in the downstream digestive tract. Therefore, the higher WL ratio in animals fed compacted feed might be an indication for a higher activity of the small intestine which is needed to transport and digest coarser particles entering the intestinal tract. A further explanation would be a thicker epithelium and development of villi which would be needed to handle the higher downstream of a higher amount of available nutrients.
The higher relative pancreas weight of animals fed coarsely ground feed might be associated with higher pancreas enzyme secretion. Svihus et al. (2004) observed higher pancreas weight and higher amylase activity in the small intestine of animals fed whole wheat compared to animals fed ground wheat. They suggested that a higher gizzard activity caused by whole wheat feeding may result in a higher cholecystokinin secretion which is a stimulus for the pancreatic enzyme secretion (Li and Owyang, 1993) . A relation between gizzard activity and pancreatic enzyme secretion might be supported by the significantly positive correlation between the pancreas and the gizzard weight found in the present study.
The markedly higher liver weights of animals fed finely ground expanded and pelleted feed cannot be explained currently. Correlations between the liver weight and proventricular as well as ventricular traits or the feed intake were not found except for the gizzard length. An influence of the digestibility of crude nutrients such as starch or fat which can be improved by expander treatment (Puntigam et al., 2015) and pelleting on liver weights is possible.
Interestingly, relative weight of bursa of Fabricius was lower in animals fed pelleted feed and lowest weights of this organ were measured in animals fed finely ground, expanded, and pelleted feed. According to reports of Heckert et al. (2002) , a decreased bursa weight is associated with an immunosuppression and is an indicator for stress in broiler chicken. Therefore, it could be assumed that mentioned animals had a higher degree of stress in the present study.
Significant changes of white blood cell proportions by particle size and HTT were detected. It is known that leucocytes are an integral part of the stress response (Maxwell, 1993) . Changes of leucocyte populations of birds were observed in the past after environmental or psychological stressors such as extreme temperatures, electric shock treatments, social stress, road transportation or noise (Maxwell, 1993) . Moreover, feeding regimen (for example feed restriction or fasting) can result in shifts of white blood cell populations in birds (Maxwell, 1993) . The H/L ratio is also accepted as an indicator for stress in chicken (Gross and Siegel, 1983) . A study of Gross and Siegel (1983) suggested that blood lymphocytes decrease and heterophilic granulocytes increase in response to stress which result in a higher H/L ratio. With regard to the present data, this would mean that animals fed coarsely ground non-compacted feed were more stressed which would be contrary to the assessment of stress on the base of bursa weight. In studies of Maxwell et al. (1991) , it was shown that feed restriction decreases the proportions of lymphocytes and increases these of heterophilic granulocytes which resulted in an increased H/L ratio. The values of the H/L ratio of animals of the present study were below values of restricted fed animals used in studies of Maxwell et al. (1991) . However, in the present study, the ability of animals to consume non-compacted feed was limited due to visually observed feed stuck to the beaks which resulted in a significant decreased feed intake. Animals fed compacted feed showed no feed stuck on the beak. This aspect could be interpreted as a kind of feed restriction which could explain the higher H/L ratio of animals fed coarsely ground non-compacted feed. However, this suggestion will be not supported by values of H/L ratio of animals fed coarsely ground, expanded, and pelleted feed which had markedly higher feed intake and similar values of H/L ratio compared to animals fed coarsely ground non-compacted feed. Furthermore, no correlations were found between feed intake and hematological traits.
On one hand, it is possible that alterations of the digestive tract and the consequences for the animal could be per se a stressor. On the other hand, a different individual stress perception of animals from different feeding groups in the present environmental circumstances could be thinkable. However, the strategies to assess the degree of stress according to bursa weight or according to hematology contradict. Moreover, there was no correlation between bursa weight and counts of white blood cells as well as the H/L ratio. Therefore, in further studies corticosterone levels or stress challenges could be considered to get more clarity.
It is suggested that the high growth of breast meat and the pressure from abdominal contents on air sacs increase the incidence for pulmonary hypertension in chicken (Julian, 1998) . Studies of Olkowski et al. (1999) also indicated that fast growing broilers and animals suffering from ascites had failures in blood gas circulation and dysfunctions of pulmonary gas exchange. Furthermore, it is known that fast growing broilers are prone to hypoxaemia, tissue hypoxia, and hypercapnia (Olkowski et al., 1999) . Blood gases were determined to get hints whether an increase or decrease of proventricular dilatation could also be involved in this incidence and thus in the incidence of ascites. Indeed, feeding groups with increases in proventricular length and width showed slightly higher pCO 2 and HCO 3 − in blood. However, the pH value was not markedly different between feeding groups. A statistical relationship between proventricular size and blood gases could not be confirmed. Olkowski et al. (1999) detected that animals with ascites had lower pH values and pO 2 levels as well as higher pCO 2 and HCO 3 − levels in blood compared to clinically normal animals. These authors emphasized that hypercapnia is an obvious characteristic of ascites. The pCO 2 levels and the TCO 2 levels in blood correlated with the BW (pCO 2 : r = 0.337, P = 0.048; TCO 2: r = 0.338, P = 0.048) and were lowest in animals fed coarsely ground non-compacted feed. Blood gases were not linked to alterations in heart weights (P > 0.05).
Animals fed pelleted feed showed higher feed intake which also in turn might result in higher sodium intake. Furthermore, animals fed pelleted feed drank lower amounts of water per consumed amounts of feed (data not shown). Therefore, the higher sodium intake might be not compensated and caused higher sodium concentrations in blood. An increased water excretion in the form of excreta was not detected in feeding groups with higher sodium concentration in blood (data not shown). The higher sodium concentration in blood was not related to a shift in the sodium/potassium ratio as an indicator for lesions of kidneys or the gastrointestinal tract in mammalians (Huisinga, 2014) . Moreover, kidney weights were not influenced by higher blood sodium concentration. Chloride concentrations were influenced by particle size. The biological importance of this observation is not known. However, except for calcium concentrations electrolyte concentrations resemble the concentrations in blood of 35-and 42-d-old broiler chicken published in studies of Olanrewaju et al. (2007) . The calculated anion gap as an instrument to assess the acid-base status was not significantly different between feeding groups but was markedly higher for animals of the present study compared to animals used in studies mentioned before.
In correspondence to studies of Luhtala et al. (1993) in peripheral blood CD4 or CD8 single stained T cells dominated and double positive stained cells were less frequented. More than half of the T lymphocyte population was CD4 + /CD8 − stained. In the present study, only a few cells expressed only CD4 in Lamina propria and caecal tonsils. Similar results were shown in studies of Lillehoj and Chung (1992) and Del Moral et al. (1998) . Moreover, in these studies it was shown that CD4 + T cell declined age dependently. CD8 + T cells including single and double stained cells were similarly frequent or more frequent than CD4 + T cells in the present study. In studies of Sasai et al. (2000) also higher numbers of CD8 + T cells were detected compared to CD4 + T cells in caecal tonsils of 0 to 5-dold white leghorn chicken. Kinetic studies of Del Moral et al. (1998) showed that 2 wk after hatching CD4 + T cells become less frequent than CD8 + T cells in caecal tonsils of white leghorn chicken. A similar dynamics could be expected in caecal tonsils and Lamina propria of broiler chickens.
In agreement with studies of Lillehoj and Chung (1992) , a prominent amount of T cells expressed neither CD4 nor CD8 in caecal tonsils. Also, a large population of these cells was observed in the Lamina propria in the present study. Interestingly, the CD4/CD8 double negative T cells were significantly influenced by HTT.
As suggested in studies of Liermann et al. (2016) , with fattening pigs modulations of the intestinal immune system could be related to changes of physicalchemical characteristics of the chyme. In studies of Engberg et al. (2002) and Huang et al. (2006) , pelleted feed resulted in lower pH, higher concentrations of volatile fatty acids, and higher ATP concentrations in caecum content compared to mash feed which hints at higher microbial activity. Therefore, it is also possible that changes in microbial flora and volatile fatty acid production are responsible for the alterations of T cell subsets in caecal tonsils. Indeed, in previous studies with mice an oral treatment with lactic acid bacteria resulted in T cell modulation in the murine gut (Perdigón et al., 2001) . As indicated by results of Engberg et al. (2002) and Huang et al. (2006) , the changes of physical-chemical characteristics of chyme seemed to result by alterations of the gizzard development. Interestingly, there was a positive correlation between the proportions of CD4/CD8 double negative T cells and relative weight of gizzard and caeca. Additionally, similar to the CD4/CD8 double negative T cells, both organ weights correlated with the feed intake. Therefore, it is suggested that the changes of the functionality of gizzard by feed intake could be involved in alterations in CD4/CD8 double negative T cells because of the consequences for the physical-chemical alterations of chyme. Furthermore, it is possible that modifications of protein structure by HTT (Camire, 1991) might release new epitopes which could modulate the immune system.
The role of CD4/CD8 double negative T cells had not yet been fully explored. It is known that there is a pathogenic and an immunosuppressive CD4/CD8 double negative T cell phenotype (D'Acquisto and Crompton, 2011). D'Acquisto and Crompton (2011) reported in their review a key role and an immuno-regulatory activity in autoimmunity, infection and inflammation which were suggested in different murine and human studies. Furthermore, it was shown that pathogenic CD4/CD8 double negative T cells are characterized by producing marked levels of IL-2, IFN-γ, TNF-α, IL-17A, and IL-22 (D'Acquisto and Crompton, 2011) . The condition for a high survival and release of CD4/CD8 double negative T cells is a strength T cell receptor signal (D'Acquisto and Crompton, 2011) which would be promoted by a high presence of antigens. This would mean that the antigen presence was higher in animals fed non-compacted feed. Perhaps anti-nutritional factors in non-compacted feedstuffs which would be reduced in hydro-thermal treated feedstuffs might be responsible for these effects. However, this hypothesis gives rise to the question why no effects on T cell subsets in lamina propria were observed.
CONCLUSIONS
The present study clearly shows that the compaction of feed increases the feed intake of broiler chicken. However, an increased feed intake has far-reaching consequences for the animal because of the resulting alterations of the gastrointestinal tract. Proventricular dilatation and changes of the functionality of the gizzard from a grinding and storage organ to a passageway organ of feed seemed to have further impacts on the organism which can result up to alterations in local immune system. Pending issues which had to clarify in further studies are the causes of alterations in white blood cell proportions as a possible indicator of the stress response and impact factors of the intestinal T cell subsets and T cells of the caecal tonsils. Furthermore, functionality of avian CD4/CD8 double negative T cells should be studied in more detail.
